with different albumin concentrations. The calculated Donnan ratio was the same for all ions in the same solution and increased with the albumin concentration, as predicted by the Donnan theory. The Donnan distribution ratio for Ca2 was similar, as determined with instruments from three different manufacturers, For healthy subjects and patients with renal stone disease, we did not find any correlation between serum concentrations of ionized calcium and albumin. The discordance between measured ionized calcium and albumincorrected total calcium depended on the correction algorithm we utilized. The difficulties of absolutely proving or disproving a protein error in these measurements are discussed, but our data are not consistent with protein being a source of error in measurements of ionized calcium. First, the concentration of measured ionized (free, ionic) calcium (CCa2+) in a serum sample is greater than in an ultrafiltrate of the same sample (1) (2) (3) . Second, a positive correlation between ionized calcium and albumin in serum has been recently reported (2, 4, 5) ; and lastly, in identifying hypocalcemia, a discordance between the concentration of total calcium corrected for albumin (CtCa(albcorr)) and CCa2+ measurements has been noted in some patients (4) . As suggested elsewhere, the first of these observations regarding the lower values for CCa2+ in an ultrafiltrate may be due to the effects of the Donnan potential during ultrafiltration (6) (7) (8) ; i.e., in the presence of a nondiffusible macro-ion (e.g., albumin), the diffusible ions (Ca2, K, C1) distributethemselves unequally, creating an electricial potential.
AdditionalKeyphrases
Because measurement of ionizedcalcium is now a routine analysis in many laboratories and has been recommended as a replacement for total calcium (9), its diagnostic value will be compromised to some degree if such a protein interference exists. We therefore investigated the influence 'Division of Laboratory Medicine, DepartmentsofPathologyand Medicine, Washington University School of Medicine,St. Louis, MO 63110.
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Received April 6, 1987; acceptedJune 15, 1987. of albumin on the response of several commercially available calcium electrodes. We evaluated the Donnan potential by direct measurement of the activity of Ca2, Na K and C1 after equilibrium dialysis. We also assessed the relation between ionized calcium and albumin concentrations in sara from healthy subjects and from a group of patients, and investigated the agreement between different algorithms for correcting total-calcium measurements for the presence of protein-bound calcium. and Cl -in the protein solutions and in the aqueous solutions(protein-free) after the equilibrium dialysis. Alternatively, we also measured Na' and K' by flame photometry (IL 643; Instrumentation Laboratory Inc., Loxington, MA 02173). The analyzers were calibrated with calibrator supplied from the manufacturers.
Materials and Methods

Analytical Studies
Preparation
Calculations.
We calculated the Donnan distribution ratio after equilibrium dialysisas follows. At equilibrium, the electrochemical potential difference across the dialysis membrane is zero, and the permeable ions are distributed according to the Donnan potential (10). This potential arises from the presence of negatively charged albumin, which cannot crossthe dialysis membrane. The distribution of the ions in the albumin solution (P) and aqueous solution (A) is expressed via the Donnan ratio as:
By direct measurement of the activity of Ca2', Na, K, and Cl -after equilibrium dialysis of solutions with different albumin concentration, we found the same distribution ratios for all ions for each albumin solution, in agreement with the Donnan theory. Importantly, we found the same Donnan distribution ratio for chloride, the calculation for the Donnan distribution ratio for anions being the reciprocal of that for cations; i.e., the activity of chloride in protein solution was less than that in aqueous solution. Heretofore, the findings of a higher activity of Ca2 and Na with increased protein concentrations has been explained as protein interference on the calcium electrode, either directly on the calcium-sensitive membrane or as an effect of protein on the liquid-junction potential (4, 5) . subjects, given that their concentrations are known to decrease and that ofparathyrin to increase with age (19, 20) . The positive correlation shown in small populations be- 
Studies with Patients
Correlationsbetween ionized calcium and albumin were studied in 48 healthy fasting subjects (24 of each sex,ages 22-68 years), and in 80 patients with renal stones but without known calcium metabolic disease (38 single-stone formers and 42 recurrent stone formers, ages 22-80 years).
We measured ionized calcium
with the ICA1 and albumin by the bromcresol green method in a SMAC continuous-flow analyzer (Technicon Corp., Tarrytown, NY).
Comparison between algorithms. The patients studied and the analyticalprocedures have been previously described (11) . Briefly,the data assessed were from 375 patients in whom anaerobically prepared serum was assessed for ionized calcium ( Results Table 1 shows the Donnan distribution ratio for Ca2 ', Na , K', and Cl after equilibrium dialysis of solutions with different albumin concentrations. As expected, we found a greater activity in the protein solution than in the aqueous solution for the cations Ca2, Na, and K, but less activity for the anion Cl-. The Donnan distribution ratio is tween ionized calcium and albumin could also be explained by an in vivo Donnan phenomenon (4, 5) .
Additionalempiricalinformationappears relevantbut difficult to interpret. There is a small change in ionized calcium after changes in posture and its concomitant change in protein concentration. An increase of -2% in ionized calcium is observed in subjects going from the upright to supine positions, while the albumin increases by -12%. However, the change in ionized calcium did not correlate with the change in albumin during 15 experiments involving 11 healthy men (21) . Moreover, a study of the influence of protein on sodium values determined with six different direct potentiometric instruments showed a correlation of protein concentration with the difference between directpotentiometric and flame-photometric sodium values for four such instruments, including the instruments from Nova and Radiometer, but not for two instruments from other manufacturers (22) .
We observed that the discordance in identifying hypocalcemia between CtCa(b corr) and CCa1+ depended on which algorithm was utilized (mean discrepancies between algorithms were 35-40%). These findings are in keeping with the poor agreement between various algorithms used to calculate ionized calcium and the measured ionized calcium in previousreports (11, (23) (24) (25) . Moreover there was an a priori assumptioi in the study of Butler et al. (4) that the calcium statusof the patientsfrom the gastroenterology service with low albumin was normal. This is extremely difficult to validate.
The published study that comes closest to addressing this issue was that of Bouillon et al. (26) , who studied several factors related to calcium metabolism in 32 patients with biopsy-proven cirrhosis of varying etiology. They concluded that (a) the observed abnormalities of calcium metabolism in patients with cirrhosis were mainly due to decreased protein synthesis, and (b) in patients with severe cirrhosis the ionized calcium was maintained within reference limits by a compensatory secondary hyperparathyroidism.
The implications of their study would be that patients with liver disease could have low or normal ionized calcium, depending on the degree and possibly the duration of the liver disease. Such variables would make it difficult if not impossible to directly assess the validity of the ionized calcium measurements by studying patients with low albumin values from a gastroenterology service.
In conclusion, our data do not support an in vitro influence of albumin on Ca2" measurements. However, the reports of correlation between albumin and Ca2' warrant further investigation. Such studies will probably be difficult to design, given the problem of independently assessing calcium metabolism in patients with low albumin concentrations. 
